Abstract-The presence of sulfur-containing impurities in petroleum naphtha causes a decrease in the cost and quality of fuels, a reduction in the service life of car engines, and an increase in the amount of harmful emissions into the atmosphere. Pervaporation is an alternative cost-effective fuel desulfurization method. In this study, hybrid membranes based on poly(2,6-dimethyl-1,4-phenylene oxide) and a star-shaped modifier for the pervaporation separation of a thiophene/n-octane model mixture is developed. Hybrid star-shaped macromolecules comprising six polystyrene arms and six poly(2-vinylpyridine)-block-poly(tert-butyl methacrylate) diblock copolymer arms grafted onto a common fullerene C 60 central core are used as the modifier. Membrane structure is analyzed by scanning electron microscopy and atomic force microscopy. Thermal properties are studied by differential scanning calorimetry. The separation properties of the membranes are determined at low thiophene concentrations (up to 0.08 wt %). It is shown that the introduction of a starshaped modifier leads to an increase in the extraction efficiency of sulfur-containing impurities from octane, which is the main fuel component.
INTRODUCTION
One of the priority tasks of environmental protection is to solve problems aimed at reducing the amount of harmful emissions into the atmosphere by improving the quality of liquid fuels via subjecting the fuels to desulfurization to decrease the sulfur content in them. The presence of sulfur-containing impurities in the fuel leads to sulfur dioxide emissions into the atmosphere; these emissions cause corrosion of automobile engines [1] and acid precipitation events. At present, catalytic hydrodesulfurization is commonly used for fuel desulfurization; this process is characterized by a significant consumption of hydrogen [2] and hightemperature and high-pressure conditions. Owing to ongoing air pollution with automobile exhaust gases, efforts are required to develop efficient and cost-effective methods to decrease the sulfur content in automotive fuels. Pervaporation is one of these methods.
Pervaporation desulfurization of gasoline was first implemented by the Grace Davison Company in 2002 [3] . The membrane method showed obvious advantages, such as a low power consumption, ease of operation, and a small decrease in the octane number of the fuel [4, 5] . To date, a number of studies on the development of membranes to solve the above problems have been published [6] [7] [8] [9] ; however, some problems associated with the development of high-performance pervaporation membranes for the extraction of sulfur-containing components have not yet been solved. Since the efficiency of these processes mostly depends on the transport properties of the membrane material [10] , the development of new membranes is still an urgent problem.
Petroleum naphtha contains sulfur-containing components, namely, thiophene, tetrahydrothiophene, 2-methylthiophene, 2,5-dimethylthiophene, and benzothiophene; the dominant compound is thiophene. Therefore, a mixture of thiophene with hydrocarbons (n-heptane, n-octane, n-nonane) is most commonly used to test membranes in fuel desulfurization processes [11] [12] [13] [14] . Yang et al. [15] synthesized polyimide-based asymmetric membranes and tested them using a thiophene/n-heptane mixture. The sulfur enrichment factor, which characterizes the separation ability of membranes and is defined as the ratio of the thiophene content in the permeate to the content in the feed mixture, was 3.13; it did not change upon a change in the process conditions. Qi et al. [16] used PDMS/PAN composite membranes for the pervaporation of a thiophene/n-octane mixture. Liu et al. showed that the thiophene selectivity of PEBAX2533/PVDF composite membranes is higher than the n-heptane selectivity [17] .
In most cases, the membranes are prepared of hydrophobic polymers; their properties are varied by adding modifiers, crosslinking, or synthesizing a polymer-polymer composite to increase the extraction efficiency of sulfur-containing components from the fuel [14, [18] [19] [20] [21] [22] [23] .
This study is focused on the use of hybrid membranes based on poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) to separate a thiophene/n-octane model mixture. Previously, it was found that PPO can be used as a hydrophobic membrane material for the separation of liquid and gaseous media; it was effectively used in the organophilic pervaporation process [24] [25] [26] . Membranes made of PPO modified with star-shaped macromolecules with a fullerene C 60 central core were effective in the separation of a methanol-ethylene glycol binary alcohol mixture [27] [28] [29] . The addition of a modifier to the polymer matrix leads to a significant change in the structure of film membranes [30, 31] , which has a positive effect on the selectivity and efficiency of purification of ethylene glycol from methanol impurities.
The aim of this study was to determine the effect of a star-shaped modifier introduced into the PPO polymer matrix on the transport properties in the desulfurization of a thiophene/n-octane mixture by the pervaporation method. Hybrid star-shaped macromolecules (HSMs), in which the central core was a fullerene C 60 molecule with covalently grafted six polystyrene (PS) arms and six poly(2-vinylpyridine)-block-poly(tert-butyl methacrylate) (P2VP-blockPtBMA) diblock copolymer arms, were used as the modifier. The membranes used in the experiments had an HSM modifier content of 5 wt %, which corresponds to the optimum composition of PPO/HSM pervaporation membranes [27] .
EXPERIMENTAL

Materials
Heteroarm HSMs were prepared by multistage synthesis via attaching chains of different nature to a fullerene C 60 central core by anionic polymerization methods [30, 32] . The macromolecule comprised six PS arms and six P2VP-block-PtBMA diblock copolymer arms grafted onto a common fullerene C 60 central core (total functionality of 12). The PS arms had the following characteristics: M n = 6.9 × 10 3 and M w /M n = 1.04; according to the synthesis conditions, the molecular mass of the diblock copolymer arm was about 2 times higher than the molecular mass of the PS arm provided that the lengths of the P2VP and PtBMA blocks were equal.
The matrix material was PPO with a molecular mass of about 220 × 10 3 . The PPO/HSM composite containing 5 wt % HSMs was prepared by mixing calculated amounts of a 3% PPO solution and a 3% HSM solution in chloroform under stirring at room temperature for 1 h. After that, the solutions were treated in an ultrasonic bath (Sapphire, Russia) for 40 min and then filtered off to remove dust impurities.
In this study, thiophene (Acros Organics, Belgium) and n-octane (Vekton, Russia) with a main component content of 99% were used without further purification.
Membrane Synthesis Procedure
Membranes were prepared by casting a 3 wt % PPO solution or a 3% PPO/HSM solution in chloroform onto the surface of cellophane fixed in a metal ring mold. The solvent was removed by evaporation at 40°C; the membrane was separated from the substrate and dried in a vacuum at 60°C to constant weight. The resulting films had a thickness of about 40 μm. The residual solvent content in the film was 0.3 ± 0.1 wt %.
Membrane Characterization
Scanning electron microscopy (SEM). Membrane morphology was studied by SEM on a Zeiss Merlin SEM instrument (Carl Zeiss, Germany). Before the experiment, the surface of the membrane samples was coated with a carbon layer by cathode sputtering on a Quorum 150 instrument (Quorum Technologies, United Kingdom). The coating makes the sample surface conductive and facilitates the analysis of the image at required voltages and beam currents, because the coating eliminates charge accumulation.
Atomic force microscopy (AFM). This method was used to study the membrane surface on a Nanoscope III instrument (Digital Instruments, Santa Barbara, United States) equipped with a Digital Instruments 1553D scanner in the tapping mode with using OTESPA silicon cantilevers (Veeco Instruments, Dourdan, France) with a radius of 5 nm and an oscillation frequency of 300 kHz.
Differential scanning calorimetry (DSC). The thermal properties of the membranes were determined by DSC on a Netzsch DSC 204 Phoenix F1 instrument in an inert atmosphere at a temperature variation rate of 10°C/min in a range of 25-300°C. ±10 -4 g. The experiment was conducted until the establishment of equilibrium. Degree of equilibrium sorption S was determined as the maximum amount of the liquid sorbed by the polymer related to the initial weight of the membrane:
Sorption Experiment
where m is the weight of the membrane after the establishment of sorption equilibrium (g) and m 0 is the initial weight of the membrane (g).
Pervaporation
Pervaporation was implemented on a laboratory setup with an effective membrane area of 14.8 cm 2 in a vacuum mode at a temperature of 20°C and a downstream pressure of 0.2 mbar. A static stainless steel cell equipped with a stirrer was used. The composition of the feed mixture and the permeate was determined using a Kristall 5000.2 chromatograph (Chromatec) equipped with a thermal conductivity detector and a Porapak Q 80/100 mesh column. Helium with a purity of 99.99% was used as a carrier gas. The column temperature was set at 200°C. The injector and detector temperature was 240°C. The volume of the liquid sample was 0.1 μL.
Separation factor (α) was calculated by the formula (2) where Х thiophene , Х n-octane are the weight fractions in the permeate and Y thiophene , Y n-octane are the weight fractions in the feed mixture. Flux across membrane (J, g/(m 2 h)) was determined from the amount of the penetrant passed per unit area of membrane per unit time.
Pervaporation separation index (PSI), which takes into account flux J and separation factor α was determined by the formula 
evident that modification significantly affects the membrane morphology. Upon the introduction of HSMs, the transverse cleavage acquires a cellular structure and the membrane becomes less dense than PPO. This fact is apparently attributed to the segregation of the polar arms of the HSMs, which leads to the restructuring of the polymer matrix. Figures 2c and 2d show AFM images of the surface of the PPO and PPO/HSM membranes (scale of 1 μm). The surface of pure PPO is fairly dense and smooth. Upon the addition of the modifier, uniformly distributed domains appear on the PPO/HSM membrane surface; this effect is also apparently associated with the fact that star-shaped macromolecules are prone to segregation. As shown previously [34] , this segregation ability leads to the formation of additional transport channels in the polymer matrix and thereby provides the selective transport of small molecules during pervaporation.
The thermal properties of the membranes were studied by DSC. Differential scanning calorimetry measurements were conducted in an inert atmosphere in a range of 0-275°C at a heating rate of 10°С/min. The thermograms of the membrane samples shown in Fig. 3 exhibit endothermic peaks in a range of up to 100°C; the peaks are attributed to the desorption of sorbed water from the polymer film surface. In the second heating run, these effects disappear. The glass transition temperatures determined in the second heating run are 217 and 125°C for PPO and PPO/HSM, respectively. Apparently, the slight decrease in the glass transition temperature is associated with structural changes in the hybrid membrane, which were also shown by SEM and AFM. 
Pervaporation of a Thiophene/n-Octane Mixture
The transport properties of the PPO and PPO/HSM membranes were studied in the separation of a thiophene/n-octane liquid mixture. Table 1 shows some physicochemical properties of these liquids, in particular, Hildebrand solubility parameter δ, which can be used to predict the solubility of polymers in a given liquid. According to the regular solution theory, the smaller the difference between the solubility parameters of a polymer and a liquid |Δδ|, the higher the compatibility of these substances [35] . The Hildebrand solubility parameters δ (J/cm 3 ) 1/2 for the polymers constituting the studied membranes are 18.2 for the PPO matrix, 18.6 for the PS, 20.1 for P2VP, and 19.2 for PtBMA. Comparison of the solubility parameters of PPO and the liquids listed in Table 2 shows that the solubility of thiophene in PPO should be higher than that of n-octane. The incorporation of a star-shaped modifier into the membrane can lead to an increase in the solubility parameter of the hybrid membrane. A similar comparison of |Δδ| with allowance for the star-shaped additive components shows that the affinity for thiophene in the hybrid membrane will increase. Sorption studies were conducted by the immersion method via immersing the membrane samples into n-octane; similar experiments with pure thiophene were not conducted, because the aim of the study was to analyze systems containing extremely small amounts of thiophene in n-octane (0.01-0.08 wt %). It was found that the degree of equilibrium sorption of n-octane in the PPO membrane is 17.2 wt %. The introduction of an HSM comprising P2VP polar arms leads to a decrease in the degree of equilibrium sorption of alkane for the PPO/HSM membrane to 13.4 wt %.
The separation of a thiophene/n-octane mixture was studied by the pervaporation method for feed mixtures containing 0.01-0.08 wt % of thiophene using PPO and PPO/HSM membranes. The studied membranes were preferentially permeable to thiophene. Figure 4 shows the concentration dependence of the thiophene content in the permeate on the thiophene content in the feed mixture. The thiophene concentration in the permeate is significantly higher than that in the feed mixture; with an increase in the thiophene content in the feed mixture, the amount of thiophene in the permeate increases. The result for the hybrid PPO/HSM membrane was more effective than the result for the unmodified membrane. The preferential permeability of thiophene is primarily attributed to the significant difference in the size of the penetrant molecules: the volume of the thiophene molecule is two times less than the volume of the n-octane molecule. Figure 5a shows the dependence of the membrane flux on the thiophene concentration in the feed mixture. The flux varies only slightly with an increase in the thiophene content in the feed mixture. The introduction of the star-shaped additive into the composition of the PPO/HSM membrane leads to a substantial increase in the flux, which is more than 2 times higher than the flux of the PPO membrane. The effect of star-shaped modifier additives and the thiophene concentration in the feed mixture on the separating ability of the membranes is shown in Fig. 5b . With an increase in the amount of thiophene in the feed mixture, the separation factor decreases for both the PPO and PPO/HSM membranes. The separation factor of the hybrid membrane is significantly higher than that of PPO. In the separation of a mixture containing 0.01 wt % of thiophene, the separation factor of the PPO/HSM membrane achieves a value of 11.5.
For the most efficient PPO/HSM membrane, PSI values were calculated; the PSI quantity includes two main transport parameters, i.e., flux and separation factor. The histogram (Fig. 6) represents PSI values of the PPO/HSM membrane as a function of the thiophene content in the feed mixture. The highest total effect is achieved at the lowest thiophene concentrations.
The results suggest that the introduction of starshaped additives into the hybrid membrane contributes to an increase in both the flux and the separation factor. This effect can be attributed to the high affinity of the components of the selected star-shaped component for thiophene, as evidenced by the comparison of the solubility parameters of the polymers and the studied liquids (Table 2) .
To analyze the results, the separation properties of the PPO/HSM membrane were compared with the pub- lished data on the pervaporation of a thiophene/n-octane mixture ( Table 2 ). It should be noted that the PPO/HSM hybrid membrane is effective for extracting thiophene from n-octane as a model of petroleum naphtha even at an extremely low amount of the sulfur-containing impurity. The moderate flux of PPO/HSM can be improved by changing the membrane topology (using PPO/HSM as a selective layer and synthesizing asymmetric or composite membranes).
CONCLUSIONS
The studies of the physical and transport properties of membranes based on PPO modified with small amounts of a star-shaped hybrid polymer comprising PS arms and P2VP-block-PtBMA diblock copolymer arms grafted onto a common C 60 center core have shown that the introduction of star-shaped modifiers is efficient to solve a commercially significant problem of removing sulfur-containing impurities from fuels. The incorporation of star-shaped macromolecules into the PPO matrix leads to a considerable structural change in the membranes. The introduction of starshaped macromolecules containing polar components (P2VP-block-PtBMA), owing to intra-and intermolecular segregation, apparently contributes to the formation of transport channels that provide the selective migration of thiophene molecules through the polymer matrix. This feature is responsible for the higher flux and separation selectivity for a thiophene/n-octane mixture compared with the respective parameters of the PPO membrane and the higher extraction efficiency of thiophene at low concentrations compared with the published data. 
